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A theory concerning non-zero macroscopic chirality-dependent force between a source 
mass and homochiral molecules due to the exchange of light particles is presented in 
this paper. This force is proposed to have opposite sign for molecules with opposite 
chirality. Using the central field approximation, we calculate this force between a 
copper block and a vessel of homochiral molecules (methyl phenyl carbinol nitrite). The 
magnitude of force is estimated with the published limits of the scalar and pseudo-scalar 
coupling constants. Based on our theoretical model, this force may violate the 
equivalence principle when the homochiral molecules are used to be the test masses. 
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Ⅰ.INTRODUCTION  
The local equivalence of the inertial force and the gravitational force is so-called 
equivalence principle, which is one of the most fundamental principles in nature. As it 
is an important cornerstone in physics, people keep concerning every possible effect 
that may violate it [1]. Recently, the force mediated through exchange of axions or 
other particles becomes a focus of research concerning the violation of the 
equivalence principle [2-4]. This proposed force is spin-dependent so that it was 
designed to be detected in experiments by using magnetized or polarized test masses 
[3]. However, the spin-dependent force is expected to be very small, one must avoid 
any electromagnetic effect in experiment in order to test precisely the equivalence 
principle. Therefore, it is necessary to explore the nature of force mediated through 
exchanging axions [4] which violates the equivalence principle with non-magnetized 
test mass.  
Chirality is a basic feature of configuration of some material, crystals and organic 
molecules. These materials and their mirror image enantiomers have the same 
composition but different geometrical structure, left screw or right screw. Chiral 
medium has the rotatory power that the polarization plane of a linearly polarized light 
transmitting through it will be rotated [5]. A parity non-conserving energy difference 
between the enantiomers of a chiral molecule due to the weak neutral currents had 
been reported [6].The coupling of an axion to matter is pseudoscalar that its sign is 
changed by a space reflection. So the coupling of axions to matter with opposite 
chirality has the opposite sign, which may have some observable effects. 
In this paper, we present the potential between an achiral source mass and a 
vessel of homochiral (left-handed or right-handed) molecules. Acting together with 
the spin-orbit interaction, such potential may induce a macroscopic force such that it 
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will change its direction when the chirality of the molecules is changed. According to 
the proposed theory, this force may violate the equivalence principle as the test mass 
is a vessel of homochiral molecules and the source mass is an achiral material. To 
demonstrate this effect, we estimate the magnitude of the force between a copper 
block and a cubical vessel of homochiral molecules using the central field 
approximation. Its possible influence to gravitational experiments is discussed as well. 
 
Ⅱ. THEORY AND MODELING 
A. Electron-Nucleon Interaction   
In the non-relativity approximation, a potential between an electron and a nucleon 
will present due to the exchange of much-low-mass pseudo-scalar particles as follows 
[3] 
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where  is the light speed in vacuum, c / 2σh  is the electron spin,  is the 
displacement vector between the nucleon and the electron, 
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mϕ  is the mass of exchanged pseudo-scalar particle. The range of the interaction is 
given as /m cϕλ = h .  
B. Chirality Dependent Potential between a Source Mass and Chiral Molecules 
 Chirality is the fundamental character of wide kinds of molecules and has been 
studied for a few centuries. Within electron system of a chiral molecule, the 
distribution of valence electrons displays the chiral configuration of the molecule. So 
let’s study the valence electrons in a vessel of homochiral molecules interacting with 
the nucleons in an achiral source mass. A macroscopic potential between the nucleons 
in the source mass and the valence electrons in the homochiral molecules is given by 
the sum of all the potentials of form (1) between electron-nucleon pairs. It will be zero 
due to the zero total magnetic moment of the molecules. Considering the spin-orbital 
interaction of the valence electrons in a quantum calculation, the situation will change 
that the macroscopic potential will has a non-zero value. And the potential will have 
the same magnitude but opposite sign if the chirality of the molecules is changed.  
Since the valence electrons and the nucleons in our study belong to two 
macroscopic bodies respectively, we can study the motions of valence electrons in the 
molecules with the adiabatic approximation, which means the ions of the molecules 
are regarded as fixed [7]. Then the total Hamiltonian of the valence electron system in 
the homochiral molecules can be written as  
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represents the orbit-spin interaction Hamiltonian of the valence electron system [8] 
and  is the Hamiltonian of the valence electron system involving only the 
Coulomb interaction.  is the magnetic induction at the position of the ith 
valence electron,  and 
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il / 2iσ  are the orbital angular momentum and the spin of the 
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coefficient for electron in a Coulomb potential .  (r)U
The energy shift of the valence electron system due to the Hamiltonian  and  
can be given with the stationary state perturbation theory [9]. A simple calculation in 
the second order correction of the energy shows that the chirality-dependent potential 
induced by the Hamiltonian  is [10] 
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Where Ψ  is the wave function of valence electron system in the molecules, the 
subscript “0” represents the initial state and “n” represents finial state. The calculation 
of the potential (3) can be carried out in the single-electron approximation writing the 
system wave function Ψ  as the product of single-electron wave functions 
[11].Then, we further factor each single-electron wave function as the product of its 
orbital wave function ψ  and the spin wave function m  [12]. After the 
summation of spin magnetic quantum number employing the relation of 
 , the expression (3) reduces to the following form, (σ A)(σ B) A B σ A Bi⋅ ⋅ = ⋅ + ⋅ ×
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Where  is the displacement vector between the ith electron and the jth nucleon.，ijr
0iψ  and inψ  are the initial and final states of the ith valence electron and  
and  are their eigen-energies respectively. Let 
0iE
inE Lψ  be a state of left-handed 
molecule. Under the space reflection , it becomes a state of the right-handed 
molecule 
P
Rψ  as  R P Lψ ψ= . The orbital angular momentum  is an axial 
vector and it doesn’t change under the reflection. But  will change its sign as a 
polar vector. Therefore the products of matrix elements in left- and right- handed 
states have the following relation: 
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This means the energy  takes the opposite value for the molecules with opposite 
chirality and the same achiral source mass. 
VE
 
III.CALCULATION AND RESULTS 
A. Crude Estimation of Matrix Elements 
 This potential can be estimated quantitatively. We take 0( ) 1 nE E eV− ≈  for a 
rough estimation [13]. We can take the energy split due to the spin-orbit interaction as 
the value of the matrix element 0 (r)l2 n
ψ σ ξ ψ⋅h  approximately [14], whose value 
can be read from published theoretical calculations that 0 (r)l 0.01 eV2 n
ψ σ ξ ψ⋅ ≈h  
[15]. So, we get the estimation 
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Suppose the distance between a nucleon and an electron is a half millimeter and the 
mass of pseudo-scalar exchanged particle is . Then we get the potential between 
such a nucleon and electron as follows 
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With the chirality factor 310χ −=  measuring the extent of asymmetry of the chiral 
molecule [13], the potential between a nucleon and an electron is about 
132.8 10 s pg g
−× . Further we can study the macroscopic force between macroscopic 
bodies with large amount of nucleons and electrons. 
 
B. Calculation of the Macroscopic Force 
 In the calculation above, the matrix element was estimated crudely. In fact the 
matrix element can be computed through quantum mechanical methods. However, we 
care mainly for the effect of molecular asymmetry, so some simplifications can be 
adopted for some chiral molecules. For molecule having a centre, we can take one 
simple quantum method, the central field approximation presented in the crystal field 
theory of the quantum chemistry [7]. These kinds of chiral molecules are made up of 
central atoms and ligands. And we further look for the ligands and the central atoms 
as ideal point-like particles. Let the origin of coordinates be on the center of the 
central atom in the molecule. Let , ,r θ ϕ  and , ,R Θ Φ  be the spherical coordinates 
of valence electron and ligands in the molecule respectively. Then the Coulomb 
potential of a valence electron is represented as [7] 
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where   and r> r<  represent the bigger one and the smaller one of  and r R   
respectively. ( , )mlY θ ϕ  is the usual spherical harmonics, and (R,Θ,Φ)ρ  is the 
charge density of ligands in the molecule. 
The wave function of single electron is written as the product of the radial 
component and the angular component (r) ( , )CL LMR Yψ θ ϕ= ⋅ . Where , C L  and 
M  are the main quantum number, the angular moment quantum number and the spin 
magnetic quantum number respectively. However, functions  and (r)CLR ( , )LMY θ ϕ  
are difficult to determine accurately. For the sake of simplicity, the single-electron 
wave function of electron is further replaced by the electron wave function of 
classical hydrogen-like atom in our practical calculation next. And these matrix 
elements in the potential (4) can be given according to elementary quantum mechanics 
and the coupling law of angular momentums.  
 
FIG.1. the geometric configuration of the copper cube and the cubical vessel 
filled with homochiral molecules and the scheme of position vectors of the central 
atom of the kth molecule, the ith valence electron of the molecule in the vessel and 
the jth nucleon in the copper cube. The origin of the coordinate is put at the mass 
center of the vessel. 
 
A copper cube and a cubical vessel filled with homochiral molecules have the 
same section, but different thickness as shown in Fig.1. Let the copper cube has  
nucleons and there are  chiral molecules in the vessel. Each molecule has  
valence electrons. The interaction between them can be counted with the central field 
approximation. The coordinate origin is placed at the center of the vessel and the z 
axle is along the normal line of the parallel sections. In the coordinate, the kth chiral 
molecule has the central atom with the position vector , its ith valence electron has 
the position vector . The jth nucleon in the copper cube has the position vector 
1N
2N 3N
rk
ri r j . 
The displacement vector from the central atom of the kth chiral molecule to jth 
nucleon is . And the displacement vector of the ith valence electron with respect to 
the central atom is  and we have the equation 
rkj
rki r r rij kj ki= − . The vector  has a 
macroscopic scale, but the vector  has only a microscopic scale, so 
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and we can take r rij kj≈  approximately. The electron wave function and the 
spin-orbit coupling are both the functions of . Therefore, the product of matrix 
elements in equation (4) can be written as  
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According to the chirality-dependent potential (4), the macroscopic force between 
the copper cube and the cubical vessel of homochiral molecules along the z axle 
can be expressed as 
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The summations over all valence electrons and nucleons can be done through 
integration over the volume of the copper cube and the cubical vessel under the 
assumption that both the homochiral molecules and the nucleons distribute uniformly 
in the vessel and the copper cube. 
 
C. Macroscopic Force with Concrete Chiral Molecules 
Now we calculate the force for homochiral molecule methyl phenyl carbinol 
nitrite in the vessel quantitatively. The efficient charges and coordinates of ions in a 
methyl phenyl carbinol nitrite molecule (left-handed or right-handed) are listed in the 
table I [16].  The unit of R  is angstrom and the charges are given in electrostatic unit. 
TABLE I. The charge and spherical coordinates of atoms in methyl phenyl carbinol nitrite. 
 atom H0 H1 H2 H3 C1 C2
charge 0.28 0.28 0.28 0.28 -0.28 -0.84 
R  1.13256 2.2104 2.2104 2.1967 0.00 0.49 
Θ  1.9036 2.0969 2.0969 1.3877 0.00 3.1416
Φ  5.6589 2.0969 1.0246 1.5708 0.00 0.00 
Through a complex computation of the central field approximation, we get the 
sum of the products of matrix elements for valence electrons in a methyl phenyl 
carbinol nitrite molecule 
3
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In equation (11), Re{ } denotes the retention of the real part of the products of matrix 
elements ,  and 0 1  eVi niE E− ≈ 3 48N =  is taken for a methyl phenyl carbinol 
nitrite molecule. Let the dimensions of the copper cube and the cubical vessel be 
0.08×0.08×0.01m3 and 0.08×0.08×0.002m3 respectively, the inter-plane distance 
between the copper cube and the vessel be 0.5 millimeter. The nucleon number 
density of the copper cube nρ  is about 5.4×1030 m-3 and the molecule number 
density in the vessel Mρ  is about 4.427×1027 m-3. With a simple integration over the 
vessel and the copper cube, we get the magnitude of the force to be about 
- 252.36 10 s pg g×  for m. It’s determined by the magnitudes of scalar and 
pseudo-scalar coupling constants. The up-to-date measured result
310λ −=
 is 
 for  [3]. So the magnitude of the force between 
such copper cube and vessel of chiral molecules is less than . 
Theoretically, this force may violate the test of the equivalence principle using a 
torsion pendulum in which the test masses are two vessels of homochiral molecules 
with opposite chirality.  
24/( ) 1.5 10s pg g c
−< ×h 310 mλ −=
241.12 10  N−×
 
IV. CONCLUSIONS 
We demonstrated that the interaction mediated by exchanging light particles, such 
as axions, cooperates with the spin-orbit interaction to produce a parity-violating 
macroscopic force between chiral molecules and achiral source mass. Like optical 
rotation, this force is equal in magnitude but opposite in sign for molecules with the 
different chirality.  
In order to measure this force, we calculated the magnitude of the force between a 
copper cube and homochiral molecules (methyl phenyl carbinol nitrite) in a cubical 
vessel using the central field approximation. It is shown that this effect should 
conceivably be detectable in experiments and it may be a possible cause of some 
chiral-dependent phenomena and the violation of the equivalence principle. 
In our calculation, the dimensions of the copper cube and the cubical vessel and 
the inter-plane distance between them are so chosen as to fit the needs of laboratory 
experiment. The nucleon number density of the copper cube and the molecule number 
density in the vessel are estimated applicably. For the interaction range m, 
the force is estimated to be -
310λ −=
252.36 10 s pg g× . According to the limits of the scalar and 
pseudo-scalar coupling constants published in previous work [3], the force is less than 
, which is still far beyond the up-to-date detection limit in laboratory 
[17] . 
241.12 10  N−×
However, the spin-dependent force encountered for different chiral molecules 
may vary by a few order-of-magnitudes. Moreover, there may exist some kinds of 
chiral molecules for which the interaction are not so small. Due to the central field 
approximation used in calculation, the force may be underestimated because of the 
single-center theorem [12]. Thus the actual magnitude of the force may be greater than 
that we obtained. In order to obtain a more convincing result, we will improve our 
calculation with more applicable methods and try to further confirm its impact on the 
experimental testing of the equivalence principle. 
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